ABSTRACT. Obesity and type 2 diabetes mellitus (T2DM) are occurring at epidemic-like rates, and these epidemics appear to have emerged largely from changes in daily diet. In the present study, we compared effects of high-fat diet (HFD) and fructose-rich diet (FRD) in WBN/Kob-Lepr fa (WBKDF) rats that spontaneously develop obesity, dyslipidemia and T2DM. After a 4-week feeding of each diet, WBKDF-HFD and WBKDF-FRD rats exhibited aggravated obesity and dyslipidemia compared with WBKDF rats fed standard diet (STD). In contrast, hyperglycemia developed in WBKDF-STD rats was significantly inhibited in WBKDF-FRD rats, but not in WBKDF-HFD rats. The present study demonstrated that the 4-week feeding of HFD and FRD caused diet-induced obesity with a distinct phenotype in the glucose metabolism in WBKDF rats.
Obesity is rapidly evolving, as one of the major global health issues, as it is frequently associated with type 2 diabetes mellitus (T2DM) and dyslipidemia [2] . This epidemic appears to have emerged largely from a combination of increased food intake and decreased physical activity [3] , and is strongly influenced by genetic background [14] . The availability of useful animal models reflecting human obesity is crucial in the search for novel compounds for the pharmacological treatment of obesity.
The Wistar Bonn Kobori (WBN/Kob) diabetic fatty (WBKDF) rat is a new congenic strain developed by introduction of the fa allele of the Zucker fatty rat into the parental WBN/Kob (lean) rat genome [1] . The leptin receptor fatty gene (Lepr fa ) is a recessive mutation that leads to leptin receptor deficiency, and homozygous animals (fa/fa) exhibit obesity and hyperphagia, in addition to insulin resistance and glucose intolerance [6] . Previous reports demonstrated that WBKDF rats have severe obesity and insulin resistance, both of which lead to developing T2DM [1, 11, 15, 16] .
Although several gene mutations causing obesity in humans, such as leptin [13] and leptin receptor [7] , have been identified, the increase in worldwide obesity in a short period of time cannot be explained by genetics; there are individual differences in genetic susceptibility to environmental factors, such as inadequate diet. In recent years, concerns have arisen regarding the increased consumption of fat and fructose. Adopting a high-fat diet (HFD) and fructose-rich diet (FRD) has been widely used as a template to induce obesity in laboratory animals including rats [10, 17] . However, animals with similar weight and age at the start of the experimental protocol have different results regarding body weight gain when different types of diets are used [4, 10, 17] . Our aim was to investigate and compare the effects of HFD and FRD on obesity, dyslipidemia and hyperglycemia in WBKDF rats.
Male WBKDF rats and age-matched male Wistar rats were obtained from Japan SLC, Inc. (Hamamatsu, Japan). Prior to dietary manipulation, all rats were fed standard rat chow (STD, catalog number: CE-2, CLEA Japan, Inc., Tokyo, Japan), and were housed in plastic cages with a fixed (12 hr) artificial light period (08:00 to 20:00 hr) at a constant temperature (21 ± 2°C) and humidity (55 ± 5%) throughout the experiment. They were allowed free access to food and fresh tap water from a plastic water bottle.
WBKDF rats (n=24) at 7 weeks of age were divided into three groups: (a) the WBKDF-STD group (n=8), (b) the WBKDF-HFD group (n=8) and (c) the WBKDF-FRD group (n=8), and were fed STD, HFD (45% kcal from fat, catalog number: 58V8, doi: 10.1292/jvms.17-0136 PMI Nutrition International, St. Louis, MO, U.S.A.) or FRD (60% fructose purified diet, catalog number: 5375, PMI Nutrition International) for 4 weeks, respectively. Age-matched Wistar rats fed STD (n=8) were used as normal controls. All rats were allowed free access to food and fresh tap water during the study period. The body weight of the rats was measured weekly between 10:00 and 14:00 hr. Non-fasting plasma glucose and insulin levels were determined weekly using blood samples collected from the tail vein. All experimental protocols were approved by Azabu University Animal Research Ethics Committee.
At the end of the experiment, blood samples (3 ml) for blood chemistry analyses were collected from fasted rats under pentobarbital sodium anesthesia (50 mg/kg IP; Kyoritsu Seiyaku, Tokyo, Japan) and centrifuged at 3,000 × g for 15 min at 4°C, and then, the plasma was removed and flashfrozen for performing blood biomarker analyses later. The rats were then sacrificed using a lethal dose of pentobarbital, and the epididymal fat and mesenteric fat were harvested and weighed.
Plasma levels of total cholesterol (T-Chol), phospholipid (PL), triglycerides (TG) and glucose were measured using an automatic analyzer (JCA-BM 2250; JEOL Ltd., Tokyo, Japan). Plasma insulin levels were quantitated by a rat insulin ELISA kit (Morinaga Institute of Biological Science, Yokohama, Japan).
Values are expressed as the mean ± standard error (SE) unless otherwise stated. Statistical analysis was performed by two-way ANOVA followed by post-hoc Tukey tests. Significance was set at a P-value less than 0.05. All statistical analyses were performed using GraphPad Prism 5 statistical software (GraphPad Software Inc., La Jolla, CA, U.S.A.).
Prior to the start of dietary interventions, there were no significant intergroup differences in body weight of WBKDF rats which were significantly (P<0.01) heavier than Wistar rats (Fig. 1A) . After the 4-week feeding, the body weights in WBKDF-HFD and WBKDF-FRD groups were significantly (P<0.01) higher than those in the WBKDF-STD group (Fig. 1A) . The epididymal fat weights in the WBKDF-HFD and WBKDF-FRD rats were also significantly (P<0.01) heavier than those in WBKDF-STD rats and Wistar rats (Fig. 1B and 1C) .
WBKDF-STD developed dyslipidemia: plasma levels of TG, T-Chol and PL were significantly (P<0.01) higher than those in Wistar rats at 11 weeks of age ( Fig. 2A-2C ). WBKDF-HFD and -FRD rats had significantly (P<0.01) higher levels of T-Chol and PL than those in WBKDF-STD rats ( Fig. 2A and 2B) .
The non-fasting blood glucose level of the WBKDF-STD rats markedly increased from 8 weeks of age and reached a plateau at 10 weeks of age (Fig. 3A) . Plasma glucose levels in WBKDF-HFD were higher than that in WBKDF-STD, and significance (P<0.05) was observed at 11 weeks of age. In contrast, the plasma glucose level in the WBKDF-FRD rats did not increase during the study period and was significantly (P<0.01) lower when compared with WBKDF-STD rats (Fig. 3A) . There was no significant difference in plasma insulin levels among three groups of WBKDF rats at 7 weeks of age (Fig. 3B ), which were significantly higher than those in Wistar rats, indicating that WBKDF rats had hyperinsulinemia. The plasma insulin levels of WBKDF-STD and -HFD rats were comparable and had a tendency to decrease during the study period. On the other hand, the blood insulin level of WBKDF-FRD rats remained steady up to 11 weeks of age (Fig. 3B) .
Although it is generally accepted that feeding HFDs or FRDs to rodents reliably induces obesity and dyslipidemia, the metabolic alterations observed in HFD-and FRD-fed rats are highly divergent among studies [5, 18] . Differences between studies include the strain of rats used, the amount of cholesterol and fructose, and the age of animals at the beginning of experiment. In this study, we examined the effects of HFD and FRD on obesity, dyslipidemia and T2DM in WBKDF rats, which spontaneously develop obesity, dyslipidemia and T2DM. The main finding of this study was that a 4-week feeding of HFD and FRD resulted in a significant increase of body weights and visceral fat weights in WBKDF rats, indicating diet-induced visceral obesity. HFD-induced obesity in WBKDF rats was analogous to that in ZDF rats, one of the most well examined T2DM rats [19] . To our knowledge, this is the first study on FRD-induced obesity in rats with T2DM. Although the diet effects depend not only on the diet composition but also considerably on the rat strain, this study clearly demonstrated that the WBKDF rat is susceptible to diet-induced obesity.
In the current study, HFD and FRD aggravated dyslipidemia in WBKDF rats. Our data are analogous to those in previous studies reporting that HFD and FRD cause dyslipidemia in non-diabetic rodents [4, 10, 17] . It is well known that fructose and fat provide excess lipids from different sources; fructose increases the availability of endogenous lipids, whereas fat increases the availability of exogenous lipids. However, as shown in the current study, feeding of the two diets resulted in similar metabolic phenotypes in WBKDF rats, as evidenced by increased plasma T-Chol and PL.
WBKDF-STD rats have been reported to spontaneously develop hyperglycemia and pancreatitis associated with gradual reduction of plasma insulin levels [11, 15, 16] . The present study demonstrated that HFD loading aggravated hyperglycemia in WBKDF rats, which is consistent with the notion that consumption of HFD has a negative influence on the incidence of T2DM [8] . In contrast, FRD loading inhibited hyperglycemia and reduction of the plasma insulin level. The mechanism by which FRD inhibited reduction of plasma insulin levels is not clear. Early studies reported that injury of the pancreatic β-cells precedes occurrence of hyperglycemia in WBKDF rats [1, 16] . Thus, one possible explanation is that FRD attenuated injury of the pancreatic β-cells. Another possibility is that FRD enhanced insulin release from pancreatic β-cells. Indeed, FRD is known to increase plasma insulin levels via enhancing release of glucagon-like peptide-1 (GLP-1), one of the major incretin hormones, from the small intestine [12] . GLP-1 is known to stimulate insulin secretion and regulates glucose homeostasis by inhibiting glucagon secretion, slowing gastric emptying and controlling satiation [9, 20] . Whether high fructose consumption is harmful or not has been a subject of debate [21] . Fructose, a low glycemic sugar compared with glucose, was suggested to be beneficial for the diet of diabetic patients. However, its growing industrial use as a sweetener, especially in soft drinks, has focused attention on its potential harmfulness, as well as being a possible cause of obesity, dyslipidemia and even T2DM. Our present results demonstrating the anti-diabetic effects of FRD in WBKDF rats may provide additional evidence that dietary fructose is beneficial against T2DM, but warrants further studies to prove this possibility.
In summary, feeding of HFD and FRD exacerbated obesity and dyslipidemia spontaneously developed in the WBKDF-STD rats. T2DM spontaneously developed in WBKDF-STD rats was aggravated by HDF, but inversely inhibited by FRD. The present study demonstrated that feeding of HFD and FRD leads to a distinct phenotype in glucose metabolism in WBKDF rats. WBKDF rats with DIO may be a useful model for investigating the causal mechanism and new medical agents against metabolic syndromes.
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